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Superconducting hydrogen tubes in hafnium hydrides at high pressure
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Compressing hydrogen-rich hydrides is an effective method to search for exotic properties such as high-7;
superconductivity. Here we show that high pressure and high temperature stabilize unique hydrogen tubes in
hafnium hydrides. A combination of structural searches and first-principle calculations predict a metastable
stochiometric HfHy at 200 GPa. HfHy is composed of H tubes intercalated within Hf-H framework, where
two-thirds of the hydrogen atoms are arranged in a tubelike H, structure located inside channels formed by the
remainder HfH;. Each H,, tube gains 0.876 electrons from the HfH; framework, indicating the ionic character of
HfHy. Calculations show that HfHy is a potential superconductor with an estimated 7; of 110 K at 200 GPa, with
the electron-phonon coupling arising mainly from the H;, tube and its interaction with the HfH; framework. The
current results suggest the existence of diverse hydrogen chemistries at high pressure that could be unravelled

by future experimental studies.
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I. INTRODUCTION

The metallization of hydrogen has remained over the past
decades a big challenge for experiments due to the extremely
high pressure required, estimated above 500 GPa [1-4]. As
an alternative, metallization could be achieved at much lower
pressures in hydrogen-rich hydrides thanks to “chemical pre-
compression” [5], making these hydrogen compounds the
ideal test bed to study very high-temperature superconduc-
tivity [6-10]. This path has proved extremely successful, as
evidenced by the recent theory-initiated discoveries of su-
perconductivity at high temperature in H-S [11-13], LaH;g
[14-18], and Y-H [19-22], and at room temperature in C-S-H
[23-26].

Previous studies have demonstrated that high pressure is
an effective method to stabilize superhydrides with the for-
mation of new building blocks other than monoatomic H
[27-31] and molecular H, [27,32-38]. Examples are linear
or triangular Hs [27,30,33,34,37,39—47], linear Hy [27,48],
pentagonal Hs [6,49], Hg cubes [50], penta-graphene-like
Hio [6,16,49], honeycomb hydrogen layers [51-53], and H
cages [14-21,28,48,54-63]. Among these, hydrides display-
ing H cages form a special class that exhibits extremely
high-T. superconductivity [14,16,19,28,56,59]. A sodalitelike
Hy4 cage was first predicted in the high-pressure unconven-
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tional compound CaHg, with an estimated 7. of 235 K at
150 GPa [28]. Thereafter, a theoretical study demonstrated
that the compound YHg¢ containing the same H,4 cage was
superconducting at temperatures as high as 260 K at 120 GPa
[19], as confirmed by two recent experiments [20,21]. Further
high-pressure stabilized hydrides accommodating diverse H
cages were predicted to show high-7.. superconductivity: Hyg
cages in YHg [20] and CeHy [48,64] with T; equal to 276 K (at
150 GPa) and 117 K (at 200 GPa), respectively; Hi, cages in
YHj [14], LaH( [14,15,18], and AcH,o [62] with T; equal
to 303 K (at 400 GPa), 274 K (at 250 GPa), and 251 K (at
200 GPa); Hyg cages in AcH;, with 173 K (at 150 GPa); Hyy
cages in AcH;¢ [62] with 241 K (at 150 GPa); and coexisting
H;s and Hypg cages [56] in Li,MgH ¢ with an astonishing 7 of
470 K (at 250 GPa). Interestingly, high-T. superconductivity
in CeHy, CeH,( [65], CaHg [66,67], YHy [20,22], and LaH g
[15,17,18] has already been confirmed in experiments.
Besides hydrogen cages, the formation of other hydrogen
units can lead to high-7;. superconductivity. For example, the
T of SrHg, that contains Hj units, was predicted to be 156 K
at 250 GPa, the highest found in Hjz-structured hydrides [42];
the T; of SnH, with Hy units [27], ScHg with Hs units, and
ScH; with H( units were estimated to be 93 K (at 250 GPa),
163 K (at 300 GPa), and 120 K (at 250 GPa) [49], respectively.
A recent study proposed that a metastable HfH;, with a
penta-graphene-like Hjo sublattice is superconducting below
234 K at 250 GPa [68]. In fact, previous studies demonstrated
that high pressure could also stabilize several other super-
conducting Hf-H compounds in addition to the known HfH;

©2021 American Physical Society
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[69-75]. This includes the experimentally synthesized Hf 4H;5
[76] and the theoretically predicted HfH, HfH3;, HfH4, HfHg,
and HfH,4 [7]. Very recently, HfH¢ with clathrate structure
was proposed to become stable at 543 GPa, which possesses
a maximum 7; of 132 K at 600 GPa [77].

Here, by performing a systematic structural search of the
Hf-H binary system, we propose a superconducting HfHg that
is dynamically stable at 200 GPa. Significantly, HfHg contains
a hydrogen tube sublattice, which plays a key role in making
this material superconducting below 110 K at 200 GPa.

II. COMPUTATIONAL DETAILS

The search for crystalline structures was performed using a
particle-swarm optimization algorithm, as implemented in the
CALYPSO code [78—80]. This method has been extremely suc-
cessful in predicting stable and metastable superconducting
hydrides [81], some of which have already been confirmed by
experiments [11,14,16,19,23]. The predictions of the crystal
structures of HfH, (with x = 1-14) with up to four formula
units were done from O to 200 GPa in intervals of 50 GPa.
More than 2000 structures were sampled for each prediction
run and the structural search can be well converged when
~1000 structures were generated after a lowest energy struc-
ture was found. Structural relaxations and electronic structure
calculations were performed using the projector augmented-
wave (PAW) method as implemented in the Vienna Ab initio
Simulation Package (VASP) [82]. The exchange-correlation
functional of density-functional theory was approximated by
the generalized gradient approximation of Perdew, Burke, and
Ernzerhof [83]. The all-electron PAW method was adopted for
Hf and H atoms with valence 5p®6525d2, and 1s', respectively.
The cutoff energy for the expansion of the wave function in
the plane wave basis was set to 1000 eV. Monkhorst-Pack
k-point meshes [84] with a grid density of 0.20 A~' were
chosen to ensure a total energy convergence better than 1 meV
per atom. The phonon spectrum and electron-phonon cou-
pling were calculated within linear-response theory with the
QUANTUM ESPRESSO code [85]. Ultrasoft pseudopotentials for
Hf and H were used with a kinetic cutoff energy of 110 Ry
[86]. First-principles molecular dynamics (MD) simulations
[87] using the canonical NVT (N for the number of particles,
V for volume, and T for temperature) were performed. The
supercell 2 x 2 x 3 (240 atoms) was used for P63/m HfHy.
The canonical NVT ensemble uses a Nose-Hoover thermostat
[88] with SMASS = 2 and each simulation consists of 16 000
time steps with a time step of 0.5 fs.

III. RESULTS AND DISCUSSION

Figure 1(a) depicts the formation enthalpy of the consid-
ered Hf—H compositions with respect to the decomposition to
elementary substances at 200 GPa and 0 K with inclusion of
zero-point energy (ZPE). Six thermodynamically stable hy-
drides with stoichiometries HfH, HfH,, HfH;, Hf yH;5, HfH,4,
and HfH 4 (denoted by a filled symbol) form the vertices of
the convex hull, consistent with previous results [68]. Further-
more, we find a series of other compounds that have formation
enthalpies very close to the convex hull (at a distance of less
than 10 meV /atom).
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FIG. 1. Calculated Gibbs free energy (AG) of various Hf-H
compounds with respect to the decomposition into Hf and H at
200 GPa and 0 K including the zero-point energy (ZPE) (a) and
300 K (b) denoted with pentagons and squares, respectively. The
energetically stable phases are denoted by filled symbols connected
with solid lines on the convex hull. The cross samples represent
other metastable structures with higher energy for each stoichiometry
without considering the ZPE effect. The inset is an enlarged view of
area from HfHg to HfH 4.

It is well known that temperature is an effective means
to alter the relative stability of competing phases, especially
for hydrides due to the small mass of hydrogen. We therefore
examined the effect of temperature on the formation energies
of the Hf-H system using the quasiharmonic approximation.
Figure 1(b) shows the convex hulls constructed at 300 K.
We clearly see that another composition HfHg starts to lie on
the convex hull. Note that HfHg was previously predicted to
become energetically stable at pressures as high as 300 GPa
at 0 K [68], suggesting that high temperature could effectively
reduce the pressure needed to form these hydrides. The dis-
tance to the convex hull of HfHg at 0 K is about 10 meV /atom,
which decreases to 8 meV /atom when temperature increased
to 300 K within the quasiharmonic approximation. The fol-
lowing molecular dynamic simulations demonstrate that HfHo
becomes diffusive at temperature above 300 K, preventing
the estimation of the free energy based on quasiharmonic
approximation. The decreased formation energy with increas-
ing temperature suggests that HfHy could be synthesized at a
much higher temperature, which could possibly persist at low
temperature as a metastable structure. We performed ab initio
molecular dynamic (AIMD) simulations at 150, 300, 500, and
1000 K to examine the stability of HfHy at 200 GPa. The
calculated mean squared displacements (MSD) of the atomic
positions and the configurations of the H and Hf atoms of the
P63 /m phase of HfHy are shown in Fig. S1 of the Supplemen-
tal Material (SM) [89]. It is found that the HfHy remains solid
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FIG. 2. (a) Crystal structure of P63/m-HfHy at 200 GPa, (b) the building block of HfHy, (c) two-dimensional charge density (in units of
e/bohr?) of HfH, at 200 GPa. Blue, yellow, and brown spheres represent Hf and the two inequivalent hydrogen atoms, H1 and H2, respectively.

below 300 K without any diffuse for all the atoms (Figs. Sla
and b), which means that there is a possibility that HfHg could
persist at low temperature as a metastable structure once syn-
thesized at high temperature. When the temperature increases
to 500 K, the H atoms start to diffuse slightly (Fig. S1c), while
the Hf-H framework can still be clearly observed. When the
temperature further increases to 1000 K, HfHy transforms into
a real superionic phase with fully diffusive H atoms inside the
fixed Hf framework (Fig. S1d).

The HfHy phase has a hexagonal structure with space
group P63/m and two formula units per unit cell. The Hf
atoms and two nonequivalent H1 and H2 atoms occupy the
Wyckoft 2d, 6h, and 12i positions, respectively. As shown in
Fig. 2(a), the P65/m phase is composed of a hydrogen tube
intercalated into a Hf-H1 framework, wherein each Hf atom
is connected with three H1 atoms, forming planar HfH3 units
with a Hf=H1 bond distance of 1.76 A. The HfHj3 units are
then arranged such that they form hexagonal-like channels
parallel to the ¢ axis with a Hf ---HI distance of 1.81 A.
Interestingly, all 12 H2 atoms located inside the Hf~H1 chan-
nels form a tube structure (denoted as the Hy, tube hereafter),
clearly visible in Fig. 2(b). Notably, the H2 atoms are arranged
in “H,” molecules, leading to two different H-H distances:
the intermolecular r; and intramolecular r, with bond lengths
of 1.15 A and 0.83 A at 200 GPa, respectively [Fig. 2(c)].
The intramolecular H, bond length is slightly elongated as
compared to the one in pure solid H, (0.74 A), indicating the
existence of strong interactions between these H, molecules.
In fact, the length of | is comparable to the H-H bonds in
HfH;, (1.14 A, at 200 GPa) [68], LaH,( (1.11 A, at 200 GPa)
[14], CsH;z (1.24 A, at 100 GPa) [43], NdH, (1.27 A, at
120 GPa) [60], EuHg (1.3 A, at 152 GPa) [55] and NaH; (1.25
A, at 50 GPa) [41], and LioMgH ¢ (1.2 A, at 300 GPa) [56],
where the weak covalent nature of these bonds was already
revealed.

To further examine the nature of the H-H bond in the H
tubes, we calculated the integrated crystal orbital Hamiltonian
population (ICOHP) [90] as shown in Fig. 3, where a more
negative value hints at a stronger bond strength. At 200 GPa,
the ICOHP for the intramolecular r, turns out to be —4.06
eV /pair, suggesting a strong covalent bond. As expected, the
ICOHP for the intermolecular r; is only —1.12 eV /pair, which

is comparable to the value of ~ — 1 eV /pair (1.08 A) for the
H-H bond in the Li-Mg-H system [56], suggesting a com-
parative intermolecular interaction between the H, molecules,
but much weaker than that of intramolecular covalent bonding
interaction. The intermolecular interaction can also be seen
by the localized electrons between the two hydrogen atoms
[Fig. 2(c)]. Interestingly, the H;, tube is quite insensitive to
pressure, in view of the nearly unchanged r, = 1.11 A and
r, =0.84 A, when pressure is increased to 250 GPa
(Fig. S2 of the SM). This is understandable since the inter-
action between the Hf-H framework and H-tube structures is
relatively weak, and the large space between them allows the
HfH; framework to sustain almost the complete external com-
pression. Indeed, the diameter of the Hf—H1 channel decreases
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FIG. 3. Calculated crystalline orbital Hamiltonian population
(COHP) and integrated crystalline orbital Hamiltonian population
(ICOHP) of HfHy for H-H distances of inter-H-H distance (r;) at
200 GPa (a) and 250 GPa (b). COHP and ICOHP for intra-H-H
distance (r,) at 200 GPa (c) and 250 GPa (d). The negative COHP
indicates bonding and positive COHP indicates antibonding.
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FIG. 4. (a) Electronic band structure and projected density of
states (PDOS) and (b) phonon dispersion and projected phonon den-
sity of states (PHDOS) of HfHy at 200 GPa.

from 4.45 A at 200 GPa to 4.34 A at 250 GPa. More interest-
ingly, a Bader analysis [91] (Table SI of the SM) shows that
each Hy, tube in a unit cell receives 0.876¢ from the HfH;
framework at 200 GPa, confirming the ionic nature of HfHg.

We calculated the band structure and partial density of
states (PDOS) of HfHy at 200 GPa to further explore its
electronic properties [Fig. 4(a)]. HfHy exhibits a metallic be-
havior with several steep bands crossing the Fermi level. The
total density of states at the Fermi level is 0.46 states/eV /f.u.
at 200 GPa and increases to 0.5 states/eV/f.u. at 250 GPa
(Fig. S3 of the SM). The PDOS shows a significant overlap
of the contributions coming from Hf, H1, and H2 in a large
energy range, indicating strong hybridization of Hf and H1 or-
bitals, as well as hybridization between the HfH; and the H;,
tube. The phonon dispersion shown in Fig. 4(b) supports the
dynamical stability of HfHg at 200 GPa in view of the absence
of any imaginary frequencies. As expected, the frequencies
below 250 cm~! are distinctly dominated by Hf atoms due to
their large mass, while the high end of the spectra is composed
almost exclusively by the vibrations of the H atoms. Interest-
ingly, the contribution from the H;, tube can be divided into
three separated parts, two independent areas located around
500 cm~! and 3000 cm™!, respectively, and a hybrid area
(790 cm~'-2200 cm™") of vibrations involving both H1 and
H2 atoms [see Fig. 4(b)].

In order to investigate the superconducting properties
of HfHy, we calculated the Eliashberg spectral function
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FIG. 5. (a) EPC constant A(w) and (b) Eliashberg spectral func-
tion o?F(w)/w of HfHy at 200 and 250 GPa. The shaded region
highlights the significant contribution of the first peak of @*F(w)/w
to A.

a’F(w)/w and the integrated electron-phonon coupling
(EPC) constant A(w) (see Fig. 5). The transition temperature
T. was then estimated from the spectral function by numer-
ically solving the Eliashberg equations [92] with a typical
choice of Coulomb pseudopotential ©* = 0.1. The resulting
EPC parameter A is 1.43 yielding a 7; of 110 K at 200 GPa.
We found that vibrations of the hydrogen atoms contribute
to 76% of the total A, while the remainder comes from the
low frequency Hf vibrations. Significantly, more than half of
the contribution of H atoms comes from the hybrid frequency
range, suggesting that the interaction between the HfH; and
the Hy, tube plays a key role in determining the high T
of HfHy. With the pressure increasing to 250 GPa, the total
A increases to 1.77, leading to a larger 7, of 130 K. The
comparison of the Eliashberg spectral functions at the two
pressures indicates that the increase of A comes from the low
frequency Hf vibrations, with a negligible contribution from
the Hj, tube, as highlighted by the gray area in Fig. 5. This
is consistent with the previous analysis that high pressure
has nearly no effect on the guest H, tube. In this work, we
neglected anharmonic effects, which tends to lower the T, of
hydrides [93-95], since this level of accuracy was beyond the
scope of our exploratory work.

Further structural searches for HfHo are performed at
250 GPa and 300 GPa (Fig. S4). Phase transition occurs in
HfHy, from P63/m phase to C2/m at 270 GPa (Figs. S4a and
b). We further calculated the Gibbs free energy of C2/m with
respect to HfHg and HfH;4 from 0 K to 300 K at 300 GPa
(Fig. S4c). The positive formation energy indicates that higher
pressure or higher temperature are possibly needed in order
to stabilize the HfHg. Structure prediction runs were also
performed at the lower pressures of 0—150 GPa, but no new
stable stoichiometries were found (see Fig. S5 of the SM).
Interestingly, we found that both HfH and HfH, remain en-
ergetically stable even at ambient pressure in addition to the
previous known HfH, [69], as deduced from their location
on the convex hull (Fig. S5). HfH has a tetragonal P4, /mmc
structure at ambient pressure (Fig. S6a), which shows weak
superconductivity with an estimated 7; of 0.35 K. The low T
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in HfH is reasonable if we consider the negligible contribution
of H to the total DOS at the Fermi level (Fig. S7a). The struc-
ture of HfH, at ambient pressure has orthorhombic Pra2;
symmetry (Fig. S6b), and is a semiconductor with a band gap
of 0.4 eV (Fig. S7b). Additionally, the structures and elec-
tronic properties of other dynamically stable compounds with
formation enthalpy close to the convex HfH, (x = 5, 7, 8) (see
Figs. S6— S8 and Table SII) are also provided in the SM as
references for future experimental study.

IV. CONCLUSIONS

In summary, our combination of structure prediction and
first-principle calculations has predicted a metastable HfHg
compound at 200 GPa. HfHy contains a unique Hj,-tube
structure that is located inside channels formed by the remain-
ing HfH; sublattice. Phonon calculations indicate that HfHo
is dynamically stable as the temperature was cooled down
to 0 K. Interestingly, HfHy appears to be superconducting
with an estimated 7. of 110 K at 200 GPa, mainly due to

the interaction between the H;, tube and the HfH; sublattice.
Our findings suggest that the combination of high pressure is
an effective path to form superhydrides as well as hydrogen
structures exhibiting exotic properties.
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